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Introduction
During the past three decades, the results of various investigations into the microstructures of block copolymers have been reported (Chung et al., 2006; Lodge et al., 2002; Hashimoto et al., 1994; Bates et al., 1994; Matsen & Schick, 1994; Leibler et al., 1980) . In particular, diblock copolymers have received much attention as a result of their self-assembly into various well ordered morphologies on a nanometre length scale, typically 10À100 nm. These morphologies include spherical, cylindrical, lamellar, gyroid and perforated layers with various space groups, such as two-dimensional hexagonal (p6mm; Yoon, Choi et al., 2007; Hashimoto et al., 1994) , threedimensional hexagonal (p6 3 /mmc; Zhu et al., 2003 Zhu et al., , 2001 , body-centered cubic (b.c.c., Imm; Falcaro et al., 2004; Hamley et al., 2000; Pople et al., 1997) , face-centered cubic (f.c.c., Fmm; Falcaro et al., 2004; Hamley et al., 2000; Pople et al., 1997) , bicontinuous cubic (Iad; Ima et al., 2005; Park et al., 2005; Fairclough et al., 2001; Matsen & Bates, 1996) and rhombohedral (trigonal, Rm; Park et al., 2005; Ahn & Zin, 2000; Vigild et al., 1998; Forster et al., 1994; Hamley et al., 1993) . There are many theories that aim to explain the observed morphologies of such systems, which could in the future be used to predict their structures (Bohbot-Raviv & Wang, 2000; Drolet & Fredrickson, 1999) .
The formation of such structures, which have usually been characterized with transmission X-ray and neutron scattering (TXS and TNS), and transmission electron microscopy (TEM), can be explained by taking into account the interaction energies of the block components, the variation of the vibrational entropy with molecular weight and the block volume ratios (Lodge et al., 2002; Hashimoto et al., 1994; Bates et al., 1994; Matsen & Schick, 1994; Leibler, 1980) . TXS is a powerful method that has been extensively used to determine the morphologies of block copolymers from the observed sequence of Bragg reflections. However, a high-intensity or high-energy X-ray beam (about 15 keV or higher) is required to obtain an acceptable scattering signal because the X-ray must pass through both the thin film and the much thicker substrate on which the film is deposited . Furthermore, although TNS can provide similar information to TXS, this approach requires troublesome isotopelabeling procedures (usually substituting hydrogen for deuterium) to overcome problems of contrast variation between blocks. The preparation of sample specimens for microscopy is destructive and particular care is needed to limit damage to the specimens. Moreover, the sample area that can be observed is quite limited . Atomic force microscopy is a very powerful tool for determining the surface topography of nanostructures, but cannot be used to explore the cross sectional areas of sample specimens. Grazing-incidence X-ray scattering (GIXS) is widely used to overcome the drawbacks of transmission scattering and microscopy techniques Yoon, Yang et al., 2007; Yoon, Choi et al., 2007; Yoon et al., 2006; Kim et al., 2005; Omote et al., 2003; Lazzari, 2002) . This approach has several important advantages over TXS Lee et al., 2007; intensity scattering pattern is always obtained, even for films of nanoscale thickness, because the X-ray beam path length through the film plane is sufficiently long; (ii) there is no unfavorable scattering from the substrate on which the film is deposited; and (iii) sample preparation is easy.
Hexagonally perforated layer (HPL) structures are known to be metastable and appear in limited temperature ranges between the stable lamellar and gyroid phases (Forster et al., 1994; Matsen & Bates, 1996) ; nevertheless, they have received much attention because of their intriguing structural characteristics. For example, the stacking sequence of the perforations in HPL morphologies is a subject of particular interest. The stacking sequences may be modeled as ABC (Forster et al., 1994; Ahn & Zin, 2000) or AB arrangements (Qi & Wang, 1997) , or as a combination of ABC and AB (Vigild et al., 1998; Hsiao et al., 2001; Zhu et al., 2003) . ABC stacking has rhombohedral symmetry (R3m), whereas AB stacking has hexagonal symmetry (p6 3 /mmc; Henry & Lonsdale, 1969; Jaswon, 1983) . The preferred stacking structure cannot be determined in the absence of regular order. In systems with microphase-separated block copolymers, ordering can be facilitated by applying a mechanical shear (Zhu et al., 2003 (Zhu et al., , 2001 Ahn & Zin, 2000) or placing the material in a confined geometry such as a thin film Park et al., 2005) . GIXS is a powerful technique for investigating the nanostructures formed in the self-assembly of block copolymer thin films. We have previously reported a structural analysis of polystyrene-bpolyisoprene (PS-b-PI) diblock copolymer thin films with HPL structure Park et al., 2005) , but this study focused on their elementary structures and phase transitions.
In the present study, we derived a GIXS formula incorporating paracrystal theory (Hosemann & Bagchi, 1962) for hexagonally perforated layer systems with ABC or AB stacking sequences to analyze quantitatively the structure of PS-b-PI diblock copolymer thin films with HPL structures. The GIXS measurements and the quantitative data analysis using the GIXS formula derived for HPL structures with ABC stacking were successfully applied to the PS-b-PI diblock copolymer thin films, and provided important structural details and properties of the thin films that could not be obtained with conventional microscopic and scattering methods.
Theory
The intensity of GIXS (I GIXS ) from a thin film can be expressed using the scattering formula derived recently :
where f is the angle between the scattered beam and film surface (i.e. out-of-plane exit angle) and 2 f is the angle between the scattered beam and the plane of incidence (i.e. inplane exit angle), Im(q z ) = |Im(k z,f )| + |Im(k z,i )|, Re(x) is the real part of x, d is the film thickness, R i and T i are the reflected and transmitted amplitudes of the incoming X-ray beam, respectively, and R f and T f are the reflected and transmitted amplitudes of the outgoing X-ray beam, respectively. In addition, q jj ¼ ðq 2 x þ q 2 y Þ 1=2 , q 1,z = k z,f À k z,i , q 2,z = Àk z,f À k z,i , q 3,z = k z,f + k z,i and q 4,z = Àk z,f + k z,i ; here, k z,i is the z component of the wavevector of the incoming X-ray beam, which is given by k z;i ¼ k o ðn 2 R À cos 2 i Þ 1=2 , and k z,f is the z component of the wavevector of the outgoing X-ray beam, which is given by k
, is the wavelength of the X-ray beam, n R is the refractive index of the film given by n R = 1 À + i with dispersion and absorption , and i is the out-of-plane grazing incident angle of the incoming X-ray beam. q x , q y , and q z are the components of the scattering vector q. I 1 is the scattering intensity of the structure in the film, which can be calculated kinematically.
In equation (1), I 1 is the scattered intensity from the structure (i.e. scatterers and their ordering) in the film, which can be expressed by the following equation :
where P(q) is the form factor of the scatterers, which describes the shape, size and orientation of the scatterers, and S(q) is the structure factor, which provides information on the positions of the scatterers, such as the crystal lattice parameters, orientation, dimension and symmetry in a crystalline solid, and, in the case of an isotropic colloid-like system, the distance between the scatterers. To analyze quantitatively the HPL structure of the PS-b-PI diblock copolymer thin film in the present study, we have considered the cylindrical form factor located at a perforating layer. The cylindrical scatterers of each layer are assumed to be hexagonally close-packed. A general cylinder form factor can be expressed by the following equation:
where F(q, R, L) is the scattering amplitude for a cylindrical scatterer with radius R and length L. For a cylindrical scatterer oriented normal to the film plane ( Fig. 1) , F(q, R, L) can be expressed by the following equation (Lazzari, 2002) :
where J 1 (x) is the first-order Bessel function. F(q, R, L) of the cylindrical scatterer oriented normal to the film plane can be further factorized into two terms, namely one contribution from the cross section of the cylinder ½F ? ðq jj ; RÞ and another contribution from the longitudinal axis of the cylinder ½F jj ðq z ; LÞ, as follows: where F ? ðq jj ; RÞ and F jj ðq z ; LÞ can be expressed by the following equations:
and
Here, the distributions of the radius R and length L of the cylindrical scatterers are assumed to follow a Gaussian size distribution function, G(R) and G(L), respectively:
where R and R are the mean radius and the standard deviation of R from R, respectively, and L and L are the mean length and the standard deviation of L from L, respectively. The size distribution of the cylindrical scatterers can be taken into account by averaging F(q, R, L) with respect to R and L, yielding
where F ? ðq jj ; RÞ ¼
and F jj ðq z ; LÞ ¼
For a polymer crystal structure analysis, the small crystal size and imperfections of the first and second kinds are generally known to broaden the diffraction peak (Matsuoka et al., 1987 (Matsuoka et al., , 1990 Roe, 2000) . The small crystal size effect broadens all the diffractions peaks to the same extent. In the case of paracrystals, the mean crystal size can be estimated from the reciprocal width of the zero-order diffraction peak (Hindeleh & Hosemann, 1982) . In practice, it is impossible to measure the zero-order diffraction peak directly. Thus, the reciprocal width of the zero-order diffraction peak is generally estimated from the intercept at q = 0 in the plot of the reciprocal widths of high-order diffraction peaks with q 2 (Hindeleh & Hosemann, 1982) . Taking into account this approach, we attempted to estimate the intercept at q = 0 for the in-plane scattering profile [i.e. I GIXS (q xy )] extracted along the 2 f direction at f = 0.300 from the two-dimensional (2D) GIXS pattern of the PS-b-PI thin film with HPL structure measured in our study. The intercept at q xy = 0 was determined to be very small (about 10 À4 ), indicating that the in-plane order length of the HPL structure developed in the film is very large. Thus, any peak broadening of the scattering profile due to finite order length is negligible. On the other hand, an imperfection of the first kind, where the displacement of one atom from its ideal position is totally uncorrelated with that of a neighboring atom, does not actually cause any peak broadening, but instead simply reduces the height of the diffraction peaks. At the same time, the scattering energy that has been lost from the diffraction peaks as a result of the reduced height reappears as a diffuse scattering in the region of non-Bragg angle; its intensity increases. This effect can be described by the Debye-Waller factor (Debye, 1914; Waller, 1923) . However, it is difficult to determine accurately the effect of imperfections of the first kind, such as thermal vibration. In the present study we assume that the thermal vibrations of the scatterers are frozen at the lattice points for simplicity. Imperfection of the second kind was proposed by Hosemann & Bagchi (1962) . The distance between the nearest-neighbor atoms fluctuates moderately around an average value according to a statistical law, but there is no longer any average lattice to which the atomic positions can be referred. Thus, although a short-range order is maintained, there is no longer a long-range order. The paracrystal theory produces a peak broadening in which the widths of diffraction peaks increase with q 2 . For the extracted in-plane scattering profile as described above, it was confirmed that the widths of the high-order scattering peaks are in a linearly increasing order with q 2 . These considerations collectively indicate that the paracrystal theory is most suitable for the PS-b-PI thin film with HPL structure in the present study. As discussed in x1, the perforations in the HPL structure can be stacked in two different sequence manners, namely AB and ABC arrangements. The HPL structure with AB stacking Hexagonally perforated layer (HPL) model with ABC stacking, which can be defined by a hexagonal lattice. A, B and C denote the perforated layers; a 1 , a 2 and a 3 are the fundamental vectors of the three-dimensional hexagonal lattice; b 1 , b 2 and b 3 are the fundamental vectors of the rhombohedral lattice.
is known to have a hexagonal symmetry (p6 3 /mmc), which can be defined with three-dimensional hexagonal axes (see the fundamental vectors a 1 , a 2 and a 3 in Fig. 1 ). On the other hand, the HPL structure with ABC stacking is known to have a rhombohedral (trigonal) symmetry (R3m), which can be defined as fundamental vectors b 1 [= (2/3)a 1 + (1/3)a 2 + (1/3)a 3 ], b 2 [= (À1/3)a 1 + (1/3)a 2 + (1/3)a 3 ], and b 3 [= (À1/3)a 1 + (À2/3)a 2 + (1/3)a 3 ] (see Fig. 1 ).
Taking the above facts into account, for the HPL structure with AB stacking, the structure factor can be expressed by the following equation:
The kth lattice factor Z k (q) is given by
where
Here, {g kj } (k, j = 1-3) are the components of the paracrystal distortion factor (g factor) defined by
where a j and Áa kj are the fundamental vector of the jth axis and its displacement, respectively. As defined above, the g factor has nine components. All of these components should be considered since the fundamental vectors of rhombohedral symmetry contain both in-plane and out-of-plane structural information. In practice it is, however, very difficult to analyze scattering data with consideration of all the g-factor components. Thus, in the present study it is assumed that the nine g-factor components have the same degree of distortion. For the HPL structure with ABC stacking, the fundamental vectors within equations (11)-(14) were changed from a to b. When the structure (for example, paracrystal in our study) in a thin film is randomly oriented in the plane of the film but uniaxially oriented out-of-plane, the peak position vector q c of a certain reciprocal lattice point c* in the sample reciprocal lattice is given by
where R is a 3 Â 3 matrix for deciding the preferred orientation of the structure in the film, and q c,x , q c,y and q c,z are the x, y and z components of the peak position vector q c , respectively. Using equation (15), every peak position can be determined. Owing to the cylindrical symmetry, the Debye-Scherrer ring composed of the in-plane randomly oriented lattice point c* cuts an Ewald sphere at two points in the upper half of the sphere: q jj ¼ q c;jj AEðq 2 c;x þ q 2 c;y Þ 1=2 , with q z = q c,z . Thus diffraction patterns with cylindrical symmetry are easily calculated in the q space. It is then convenient to determine the preferred orientation of known structures and further to analyze anisotropic X-ray scattering patterns. However, since q space is distorted in GIXS by refraction and reflection effects, the relation between the detector plane expressed as the Cartesian coordinate defined by two perpendicular axes (i.e. by the in-plane scattering angle 2 f and the out-of-plane exit angle f ) and the reciprocal lattice points is needed. The two wavevectors k z,i and k z,f are corrected for refraction as k z;i ¼ k o ðn 2 R À cos 2 i Þ 1=2 and k z;f ¼ k o ðn 2 R À cos 2 f Þ 1=2 , respectively. Therefore, the two sets of diffractions that result from the incoming and outgoing X-ray beams, denoted by q 1 and q 3 , respectively, are given at the exit angles by the following expression:
where q c;z =k o > ðn 2 R À cos 2 i Þ 1=2 . In equation (16), the positive sign denotes diffractions produced by the outgoing X-ray beam, while the negative sign denotes diffractions produced by the incoming X-ray beam. The in-plane incidence angle 2 i is usually zero, so the in-plane exit angle 2 f can be expressed by the following equation:
Therefore, diffraction spots detected on the detector plane in GIXS measurements can be directly compared with those derived using equations (15)À(17) from an appropriate model and thus analyzed in terms of the model.
Experiment

Sample preparation
PS-b-PI diblock copolymer was synthesized by anionic polymerization (Kwon et al., 1999; Lee et al., 2001) . The composition of the block copolymers was determined by 1 H NMR spectroscopy (Bruker, DPX-300). The number-average molecular weight M n and polydispersity index (PDI; M w =M n , where M w is the weight-average molecular weight) of the PSb-PI are 34.0 kg mol À1 and 1.02, respectively. The weight fraction of the PI block is 0.634, and its volume fraction is estimated to be 0.670 from the weight fraction with respect to the densities 1.05 and 0.90 g cm À3 for PS and PI, respectively. The degree of polymerizations of the PS and PI blocks are 120 and 317, respectively.
Silicon wafers were cleaned with piranha solution (concentrated H 2 SO 4 /30% H 2 O 2 , 3:1 in volume) for 1 h. The substrates were thoroughly rinsed with deionized water. PS-b-PI diblock copolymer was dissolved in toluene (high-performance liquid-chromatography grade) at 10 wt% and spincoated onto the precleaned silicon wafers at 2000 r min À1 . The polymer films were vacuum-dried at room temperature for 12 h to evaporate the residual solvent completely and annealed at 393 K for 1 d in vacuum.
research papers 3.2. GIXS measurement GIXS measurements were carried out at the 4C1 and 4C2 beamlines (Bolze et al., 2002) at the Pohang Accelerator Laboratory (Ree & Ko, 2005) . The wavelength of X-rays from the bending magnet was monochromated to the wavelength of 0.1608 nm and the beam size was 0.5 Â 1.0 mm. As shown in Fig. 2 , a two-dimensional charge-coupled detector (Roper Scientific, Tretron, NJ, USA) was used, and the sample-todetector distance was 2300 mm. The sample was mounted on a z-axis goniometer placed in a vacuum chamber. The incident angle ( i ) of the X-ray beam was set in the range 0.220À0.240 ; it is noted that the critical angles of the block polymer film ( c,f ) and the silicon wafer ( c,s ) were determined to be 0.150 and 0.220 , respectively, from their measured electron densities. The typical collection time of the scattering intensity was 100À600 s. Scattering angles were corrected according to the positions of the X-ray beams reflected from the silicon substrate interface with changing incidence angle and with respect to a precalibrated copolymer, polystyrene-bpolyethylene-b-polybutadiene-b-polystyrene. A set of aluminium foil strips were employed as semi-transparent beam stops because the intensity of the specular reflection from the substrate is much stronger than the intensity of GIXS near the critical angle. In the case of long exposure times of the X-ray beam, semi-transparent aluminium foil sheets were additionally employed to obtain a clear scattering pattern over a wide range of scattering angles by attenuating strong scattering intensities in the low-scattering-angle region.
Results and discussion
Using the equations described in x2, the following numerical GIXS simulations were conducted for a thin film with HPL structure and ABC stacking in order to understand the relationships between the film's structural parameters and the resulting GIXS pattern.
Figs. 3(a) and 3(b) show I GIXS (q) profiles for an HPL structure with ABC stacking defined by paracrystalline parameters of film electron density ( e,f ) = 360 nm À3 , film thickness = 1000 nm, a H = 30 nm, c H = 60 nm, R = 10 nm, R = 4.0 nm, L = 20 nm and L = 1.0 nm and with various g factors. Here, a H is the perforation distance and c H is three times the thickness of one layer in the ABC stacking structure. We assumed that the incident angle i and the wavelength of the X-ray beam are 0.220 and 0.1608 nm, respectively. Fig. 3(a) shows inplane GIXS [I GIXS (q xy )] profiles simulated for various values of g factor. For g = 0.01 (a small value), I GIXS (q xy ) contains very sharp and intense hexagonal characteristic Bragg reflections in the region of low-to-high q xy , with relative scattering vector lengths from the specular reflection position of 1, 3 1=2 , 4 1=2 , 7 1=2 and 9 1=2 (Fig. 3a) . These scattering peaks broaden noticeably and their intensities are reduced as g factor increases (Fig. 3a) . The scattering peak broadening and intensity reduction are more severe at higher scattering angles ( Fig. 3a) , because the distortion of the second kind of imperfection (i.e. paracrystal) becomes more severe as the degree of smearing of the autocorrelation increases with increases in the scattering angle. Fig. 3(b) shows the out-of-plane GIXS [I GIXS (q z )] profiles calculated for various values of g factor. As Geometry of GIXS: i is the incident angle at which the X-ray beam impinges on the film surface; f and 2 f are the exit angles of the X-ray beam with respect to the film surface and to the plane of incidence, respectively; q x , q y and q z are the components of the scattering vector q. can be seen in this figure, the I GIXS (q z ) profile with g = 0.01 contains a number of very sharp and intense scattering peaks. These scattering peaks broaden noticeably and their intensities are steeply reduced as g increases (Fig. 3b ). The scattering peak broadening and intensity reduction are more severe at higher scattering angles (Fig. 3b) . In particular, when the g factor is sufficiently large (g = 0.15), the I GIXS (q z ) profile contains only the scattering profile of the cylindrical form factor corresponding to L = 20.0 nm and L = 1.0 nm. In conclusion, the vectors of adjacent lattice cells vary in magnitude and direction as a result of the displacements of the lattice points from their proper positions, ultimately resulting in a loss of long-range order in the paracrystal. Therefore, gfactor analysis can provide an experimental basis for determining the degree of lattice distortion in a paracrystal system, and furthermore the lattice dimension parameters can be determined from the diffraction peak positions.
Figs. 3(c) and 3(d ) show I GIXS (q) profiles obtained by varying the lattice parameters a H and c H . The e,f value and film thickness were 360 nm À3 and 1000 nm, respectively, and the g factor was fixed at 0.03. In each numerical I GIXS (q xy ) simulation, the ratio of a H versus " R R was fixed to 4.0 and R was fixed at a rate of 40% of average cylinder radius (Fig. 3c) , while each numerical I GIXS (q z ) simulation, the c H values were three times the " L L values and H was fixed at a rate of 5% of average cylinder length (Fig. 3d ). As can be seen in Figs. 3(c) and 3(d ), a H and c H directly affect the positions of the scattering peaks; the peak positions are sensitive to variation in the lattice parameters in accordance with Bragg's relation. Since the incident angle i of the X-ray beam is relatively small, the GIXS signal mainly depends on the scattering vector components q xy (which relates to a H in the layer structure) and q z (which relates to c H , the ordering in the thickness direction of the film). Therefore, this analysis provides a basis for the experimental determination of the lattice dimensions a H and c H .
To determine the relationship between the orientation of a paracrystal lattice (which can be described with the rotation matrix R discussed in x2) and the GIXS pattern, we calculated two-dimensional scattering patterns using the GIXS formula for various rotation matrix R values. Representative scattering results are presented in Fig. 4 . In these calculations, several 2D GIXS patterns calculated with varying rotation matrix R values. (a) Scattering pattern for an HPL structure of the thin film whose n vector is perfectly oriented normal to the film plane (see the inset): open circles and open squares represent the scattering spots due to the reflected and transmitted X-ray beams, respectively. (b) Scattering pattern for an HPL structure of the thin film whose n vector is perfectly oriented in the film plane (see the inset): open circles and open squares represent the scattering spots due to the reflected and transmitted X-ray beams, respectively. (c) Scattering pattern for an HPL structure of the thin film whose n vector is perfectly oriented normal to the film plane but randomly lies in the film plane (see the inset); the scattering rings due to the reflected X-ray beam are marked a, b, c and d, while those due to the transmitted X-ray beam are marked a T , b T , c T and d T . (d ) Scattering pattern for an HPL structure of the thin film whose n vector is oriented normal to the film plane but has a distribution of ' = 10 which follows a Gaussian function (i.e. orientation factor O s = 0.958) (see the inset and equation 18); open circles and open squares represent the scattering spots due to the reflected and transmitted X-ray beams, respectively. In the GIXS simulations, the structural parameters and g factor listed in Table 1 are used; i = 0.220 and electron density of substrate = 699 nm À3 . The wavelength of the X-ray beam was 0.1608 nm. structure parameters were fixed; a H = 30 nm, c H = 66 nm, " R R = 10 nm, R = 4.0 nm, " L L = 22 nm, L = 1.0 nm, g = 0.03, e,f = 360 nm À3 , and film thickness = 1000 nm. We assumed that the incident angle i and the wavelength of the X-ray beam are 0.220 and 0.1608 Å . Fig. 4(a) shows the simulated 2D GIXS pattern for an HPL structure with ABC stacking and an n vector that is perfectly oriented normal to the film plane (see the model in the inset). The 2D GIXS pattern contains a number of sharp scattering spots over a wide range of scattering angles. The scattering spots indicating the layer spacing of the ABC stacking appear along the f direction at 2 f = 0 . These observations confirm that a well ordered in-plane hexagonal structure of microdomains is present in the film, and that a certain lattice plane of the structure is aligned parallel to the film plane but is randomly oriented within the film plane. In addition, out-ofplane scattering spot arrays appear at relative 2 f positions from the specular reflection position (2 f = 0 ) of 1, 3 1=3 , 4 1=2 and 7 1=2 [see the scattering spots along the dotted lines aÀd in Fig. 4(a) ]. The interpretation of these scattering spot arrays is complicated by the overlapping of the scattering spots originating from the reflected and transmitted X-ray beams. In Fig. 4(a) , the open squares and open circles indicate the scattering spots due to the reflected and transmitted X-ray beams, respectively. Fig. 4(b) shows the simulated 2D GIXS pattern for an HPL structure with ABC stacking and an n vector that is perfectly oriented in the film plane (see the model in the inset). The scattering spots indicating the layer spacing of the ABC stacking appear along the 2 f direction at f = 0.220 . These observations indicate that a well ordered out-of-plane hexagonal structure of microdomains is present in the film and that a certain lattice plane of the structure is aligned but randomly oriented out of the plane of the film. In addition, in-plane scattering spot arrays appear at relative f positions from f = 0.220 (= i ) of 1, 3 1=2 , 4 1=2 and 7 1=2 [see the scattering spots along the dotted lines aÀd in Fig. 4(b) ]. There is no overlapping of the scattering spots originating from the reflected and transmitted X-ray beams, which are quite different from those observed for the HPL structure with an n vector that is perfectly oriented normal to the film plane. Fig. 4(c) shows the simulated 2D GIXS pattern for an HPL structure with ABC stacking and an n vector that is randomly oriented in the film plane (see the model in the inset). The scattering pattern contains scattering rings, rather than scattering spots, at relative positions from 2 f = 0 (i.e. the specular reflection position) and f = 0.220 (= i ) of 1, 3 1=2 , 4 1=2 and 7 1=2 [see the scattering rings marked aÀd in Fig. 4(c) ; these rings are due to the diffraction of the reflected X-ray beam]. The GIXS pattern also contains scattering rings due to the transmitted X-ray beam [see the rings marked a T , b T , c T and d T in Fig. 4(c) ].
Furthermore, the distribution of the orientation vector n of the HPL structure with respect to the film plane (Fig. 1) can be given by a function D('), where ' is the polar angle between the n vector and the out-of-plane direction of the film; for example, ' is zero when the n vector in the film is perfectly oriented normal to the film plane. To calculate the 2D GIXS patterns, D(') should be represented by an actual numerical function. In relation to the distribution of the lattice orientation, D(') can generally be considered as a Gaussian distribution:
where ' and ' are the mean angle and the standard deviation of ' from ', respectively. The observed scattering intensity of I GIXS,' (q) can be obtained by averaging I GIXS (q) over possible orientations of the lattice:
The second-order orientation factor O s can be defined by the following equation (de Gennes & Prost, 1993) :
When D(') is strongly peaked around ' = 0 (i.e. vertical alignment), cos' = 1 and O s = 1. On the other hand, if the orientation is entirely random, hcos 2 'i = 1/3 and O s = 0. Thus O s is a measure of the orientation of a layer. Fig. 4(d ) shows a 2D GIXS pattern that was calculated by averaging I GIXS (q) with the distribution function D(') (' = 0 and ' = 10 ) (see the ' distribution in the inset). As can be seen in the figure, the calculated GIXS pattern contains scattering arcs rather than sharp scattering spots; these arcs are formed by linking the diffraction spots from the same family of lattice planes with distributed orientation. With increases in the ' value, the scattering arcs become more circular and ultimately form rings with a completely random orientation. Collectively, this analysis method can provide information about the preferred orientation and the distribution of the determined HPL ABC-stacked structure and, moreover, it can also be used to characterize anisotropic GIXS patterns quantitatively.
These numerical analysis results collectively demonstrate that the GIXS technique is a very powerful tool for the unambiguous determination of the structural parameters of the HPL structure in thin films.
Taking the above numerical analysis results into account, we applied the GIXS analysis method to the quantitative analysis of the experimental 2D GIXS patterns for PS-b-PI diblock copolymer thin films supported on silicon substrates with a native oxide layer. The diblock copolymer films were found with spectroscopic ellipsometry to have a thickness of 1254 (4) nm. Figs. 5(a) and 6(a) show the 2D GIXS patterns measured at i = 0.220 with and without an aluminium foil sheet attenuator covering the low-scattering-angle region. As can be seen in these figures, the scattering patterns contain a number of sharp scattering spots over a wide range of scattering angles. In particular, the out-of-plane scattering spot arrays appear at relative 2 f positions from the specular reflection position of 1, 3 1=2 , 4 1=2 and 7 1=2 [see the scattering spots along the dotted lines aÀd in Fig. 5(a) ]. These obser-vations indicate that a well ordered in-plane hexagonal structure of microdomains is present in the film and that a certain lattice plane of the structure is aligned but randomly oriented in the film plane. These observations show that the c axis of the hexagonal structure is oriented along a direction normal to the film plane, whereas the other two axes are randomly aligned in the film plane. As mentioned above, the interpretation of these scattering spot arrays is somewhat complicated because some of the scattering spots generated by the reflected X-ray beam overlap those generated by the transmitted X-ray beam. These scattering spots in the arrays can be sorted into scattering spots originating from the reflected X-ray beam and those originating from the transmitted X-ray beam by varying i in the GIXS measurements, as described in the literature. Thus, for the diblock copolymer film, an additional GIXS pattern was measured for i = 0.240 (shown in Fig. 5b ). In this scattering pattern, the intensities of the scattering spots originating from the reflected X-ray beam are significantly reduced because of the low reflectivity at high incident angles. In particular, this intensity reduction is very severe for the scattering spots in the high-scattering-angle region. Moreover, the positions of the scattering spots generated by the reflected X-ray beam are altered by the change in the incident angle of the X-ray beam. Comparison of the scattering patterns measured at i = 0.220 and 0.240 ( Figs. 5a and 5b) shows that the scattering pattern measured at i = 0.240 (Fig. 5b) is dominated by scattering spots originating from the transmitted X-ray beam. Thus the scattering spots originating from the transmitted X-ray beam can be distinguished from those generated by the reflected X-ray beam.
Taking into account the above scattering patterns and the qualitative data analysis results, in-plane and out-of-plane scattering profiles [i.e. I GIXS (q xy ) and I GIXS (q z )] were extracted along the 2 f direction at f = 0.300 and the f direction at 2 f = 0.326 , respectively, from the experimental 2D GIXS pattern in Fig. 6(a) , and these are shown in Fig. 7 . We conducted quantitative data analyses of the extracted scattering profiles using the GIXS formula derived in x2. As can be seen in Fig. 7 , the extracted scattering profiles are satisfactorily fitted with the GIXS formula for an HPL structure with ABC stacking. The I GIXS (q xy ) profile in Fig. 7(a) is clearly that of a (4) nm] deposited onto a silicon substrate, which was measured at i = 0.220 by using an X-ray beam of 0.1608 nm wavelength. (b) 2D GIXS pattern simulated with the structural parameters and g factor (Table 1) determined from the analysis of the scattering pattern in (a) by using the GIXS formula for an HPL structure with ABC stacking: open circles (black color) and open squares (red color) represent the scattering spots due to the reflected and transmitted X-ray beams, respectively.
Figure 5
2D GIXS patterns of a PS-b-PI thin film [thickness = 1254 (4) nm] deposited onto a silicon substrate at two different incident angles: (a) scattering pattern measured at i = 0.220 , which shows scattering spots originated by the reflected and transmitted beams; (b) scattering pattern measured at i = 0.240 , which shows scattering spots originated by only the transmitted beam. The labels a-d denote the relative 2 f positions (namely, 1, 3 1=2 , 4 1=2 and 7 1=2 ) of out-of-plane scattering spot arrays with respect to the specular reflection position. The wavelength of the X-ray beam was 0.1608 nm.
well ordered in-plane hexagonal structure, whereas the I GIXS (q z ) profile in Fig. 7(b) is clearly that of a well ordered layer structure. The data analysis results are summarized in Table 1 .
As listed in Table 1 , the obtained hexagonal lattice parameters are a H = 30.6 nm, c H = 66.1 nm, R = 10.6 nm, R = 4.5 nm, L = 20.2 nm, L = 1.0, and O s = 1 (' = 0 and ' = 0 ). By using the determined structural parameters and g factor (Table 1) and the ABC stacking sequence for the HPL structure, we constructed the 2D GIXS pattern for the PS-b-PI diblock copolymer film using the GIXS formula, and the calculated scattering image is shown in Fig. 6(b) . The constructed 2D GIXS pattern satisfactorily matches the measured scattering pattern, as shown in Figs. 6(a) and 6(b).
With the aid of the calculated scattering results, all the scattering spots were identified and, moreover, the scattering spots due to the reflected X-ray beam were distinguished from those due to the transmitted X-ray beam (Fig. 6b) .
Of the identified scattering spots in Fig. 6(b) , the 101, 102, 104, 105, 107 and 108 scattering spots marked with open squares, which originate from the transmitted X-ray beam, can also be assigned to the scattering spots of an AB stacking sequence of the perforations in the HPL structure with c H = 66.1 nm due to either the reflected or transmitted X-ray beams. Taking this point into account, we checked whether the perforations in the HPL structure formed in the diblock copolymer film are in an AB rather than an ABC stacking sequence. To minimize the complexity caused by the scattering spots originating from the reflected and transmitted X-ray beams and their partial overlap, we constructed 2D GIXS patterns for i = 0.240 (which only produces scattering spots originating from the transmitted X-ray beam) for both ABC and AB stacking sequenced perforations in the HPL structure of the diblock copolymer film using the GIXS formula. In these calculations, the structural parameters and g factor in Table 1 were used for the ABC and AB stacking sequence structures. The constructed scattering images are presented in Fig. 8 . 2D GIXS patterns simulated with the structural parameters and g factor listed in Table 1 by using the GIXS formula for an HPL structure. (a) ABC stacking sequence; (b) AB stacking sequence. Open circles (black color) and open squares (red color) represent the scattering spots due to the reflected and transmitted X-ray beams, respectively. i = 0.240 and an X-ray beam of 0.1608 nm wavelength were used.
Figure 7
One-dimensional GIXS profile extracted from the measured 2D GIXS pattern in Fig. 6(a) : (a) I GIXS (q xy ) profile extracted along the 2 f direction at f = 0.300 ; (b) I GIXS (q z ) profile extracted along the f direction at 2 f = 0.326 . The open squares represent the measured data, while the red solid lines were obtained by fitting the data according to the GIXS formula combined with equation (2) [i.e. I 1 (q) = P(q)ÁS(q)]. The obtained structural parameters, orientation factor and g-factor component are listed in Table 1 . The blue and black solid lines were obtained by fitting the data according to the GIXS formula counting only the P(q) term and only the S(q) term in equation (2), respectively. Table 1 Structural parameters of a PS-b-PI diblock copolymer thin film, which were obtained by GIXS measurements and data analysis (see text for definitions). As can be seen in Fig. 8(a) , some scattering spots (for example, the 004, 005, 103 and 106 scattering spots) are not present for an ABC stacking sequence with rhombohedral symmetry. This scattering pattern constructed for the ABC stacking sequence structure satisfactorily matches that measured at the same incident angle [compare Fig. 8(a) with Fig. 5(b) ]. In contrast, all the possible scattering spots are present for the AB stacking sequence structure with hexagonal symmetry (Fig. 8b) , which is quite different from the measured scattering pattern shown in Fig. 5(b) . These results show that the perforations in the HPL structure formed in the PS-b-PI diblock copolymer film are favorably stacked in an ABC sequence based on rhombohedral symmetry rather than in an AB sequence based on hexagonal symmetry.
In fact, the three perforation layers in the HPL structure are in two elementary stacking sequences, namely the ABC and ACB stacking sequences. Unfortunately, in the HPL structured PS-b-PI diblock copolymer thin film system considered in our study, the ABC stacking sequence is indistinguishable from the ACB stacking sequence, because they produce identical scattering patterns when rotated by 60 normal to the layer plane.
Conclusions
In the present study, a GIXS formula was derived for HPL structures in thin films supported on substrates. A comprehensive numerical analysis using the GIXS formula combined with scattering theories for HPL structures with ABC and AB stacking sequences was performed. 2D GIXS measurements were successfully conducted for thin films of a PS-b-PI diblock copolymer on silicon substrates. We carried out a quantitative analysis of the measured scattering data by using the combined GIXS formula, and obtained detailed structural information for these films, such as the shape, size and size distribution, orientation, packing order, and layer packing sequence, which cannot be easily obtained with conventional techniques such as TXS, TNS, TEM, scanning electron microscopy or atomic force microscopy. Our GIXS analysis clearly shows that the HPL structure in the diblock copolymer film has an ABC layer stacking sequence that is oriented perfectly along the out-of-plane direction of the film.
